Abstract
Introduction
Pulmonary arterial hypertension (PAH) is an intractable disease, a key feature of which is pulmonary vascular remodeling. Vascular remodeling is a central process in the PAH pathogenesis, which is associated with the accumulation of extracellular matrix and the proliferation and hypertrophy of vascular smooth muscle cells (VSMCs). These processes contribute to the medial hypertrophy and muscularization, neointima formation and plexiform lesions development, leading to the obliteration of precapillary pulmonary arteries and sustained elevation of pulmonary arterial pressure [1, 2] . Although advancements have been made in elucidating the pathogenesis of PAH, the underlying molecular mechanisms of PAH are still poorly understood.
LncRNAs, which are commonly defined as noncoding transcripts > 200 nucleotides in length without evident protein coding function, were once considered to be transcriptional "noise". Accumulating studies have revealed that lncRNAs play significant roles in multiple biological processes, including cell proliferation [3] and differentiation [4] , cell fate determination [5] , and apoptosis [6] . Although most studies have been focused on the oncogenic or tumor suppressive functions of lncRNAs, some studies have also demonstrated that aberrant expression profiles of lncRNAs are associated with other human diseases, including cardiovascular disease [7, 8] . However, it is not yet clear whether lncRNA is involved in the regulation of pulmonary vascular remodeling.
lncRNA gene, maternally expressed gene 3 (MEG3) is located on chromosome 14q32.3 in humans [9] . The loss of MEG3 expression has been observed in various types of cancers, including non-small cell lung cancer (NSCLC) [10] , gastric cancer [11] and bladder cancer [12] . Ectopic expression of MEG3 inhibited cell proliferation and promoted cell apoptosis in various cancer cells [13, 14] . These studies suggest the MEG3 may be a tumor suppressor. Moreover, its tumor suppressor activity was mediated by interaction with p53-dependent transcription [15] . Since PAH and cancers share some common features, like excessive cellular proliferation and apoptosis resistance [16, 17] , we were interested in the question of whether MEG3 is involved in PAH pathogenesis. To this end, we studied the expression profile of MEG3 in PAH patients and further investigated the effects of MEG3 on the biological behaviors of pulmonary artery smooth muscle cells (PASMCs) and their underlying molecular mechanisms. We found that lncRNA MEG3 was low-expressed in PAH patients and human pulmonary artery smooth muscle cells (PASMCs) in hypoxia. MEG3 regulates PASMCs function in vitro. Our data emphasize that silencing of MEG3 induces proliferation and migration of human PASMCs. In addition, further study found that MEG3 changed the cell cycle associated proteins PCNA, Cyclin A and Cyclin E in human PASMCs after transfection of si-lncRNA MEG3. Results displayed that the protein expression of PCNA, Cyclin A and Cyclin E was elevated by MEG3 knockdown, and data was consistent in hypoxia condition. Moreover, we found that MEG3 could activate the p53 signaling pathway, and its intervention affects p53 nuclear translocation. Taken together, these results indicate that lncRNAs, especially MEG3 plays an important role in PAH development and may be a potential therapeutic target for patients with PAH.
Lung Tissue Preparation and H&E staining
Human lung samples of PAH were obtained from lung transplantation patients (PAH) or localized lung cancer patients (normal) for lobectomy or pneumonectomy in the Xuzhou Medical University Affiliated Lianyungang Hospital under the procedures approved by the Xuzhou Medical University Ethical Committee for Use of Human Samples.
The lung tissues were sliced into tissue blocks, and immersed in 4% paraformaldehyde for overnight fixation. Then fixed tissues were dehydrated, cleared, and embedded in paraffin wax. The paraffin blocks were cut into 5 µm thick sections and stained with hematoxylin and eosin (H&E) according to our previously published protocol [18] .
Cell culture
Human PASMCs were purchased from Gibco (Life Technologies, Zug, Switzerland) and maintained in SmGM-2 BulletKit media (Lonza, Basel, Switzerland) containing 5% (volume/volume) heat-inactivated fetal bovine serum (FBS; Gibco, Carlsbad, CA), 0.5 ng/ml human recombinant epidermal growth factor, 2 ng/ml human recombinant fibroblast growth factor, 5 μg/ml insulin, 50 μg/ml gentamicin, 10 U/ml penicillin and 10 μg/ml streptomycin. Cells were incubated at 37˚C in a humidified 5% CO 2 incubator. For experiments in a hypoxic condition, human PASMCs were cultured with a gas mixture containing 92% N 2 -5% CO 2 -3% O 2 . Before each experiment, the human PASMCs were quiesced for 24 h in SmGM-2 BulletKit media without serum. Then cells were treated with different reagents as described in the results.
Small interfering RNA and transfection
The sequence of siRNA against lncRNA MEG3 and scrambled negative control siRNA (si-NC) were synthesized by GenePharma (Shanghai GenePharma Co, Shanghai, China). The target sequences of these siRNAs were follows: si-lncRNA MEG3, 5'-GGGCTTCTGGAATGAGCAT-3'; si-NC, 5'-UUCUCCGAAC GUGUCACGUTT-3'. Overexpression of p53 was performed according previously published protocol [19] . Human PASMCs cultured on six-well plate were transfected with the si-lncRNA MEG3 or si-NC using Lipofectamine2000 (Invitrogen, Shanghai, China) according to the manufacturer's instructions. 24 h post transfection, cells were harvested for qRT-PCR and Western blotting analyses.
Quantitative real-time PCR
Total RNAs were extracted from lung tissues, pulmonary arteries (PAs) or human PASMCs using the Trizol reagent according to the manufacturer's instructions and the quality and concentrations of total RNA were detected by ultraviolet spectrophotometry. Reverse transcription (RT) reaction was performed using the PrimeScript RT reagent kit (Qiagen). Real-time PCR was performed in triplicate on 7500 Fast RealTime PCR System (Applied Biosystems) using SYBR Premix DimerEraser kit following the manufacturer's instructions. GAPDH was used as a housekeeper gene for the qRT-PCR reactions. GAPDH was used as housekeeper gene for qRT-PCR reactions. The 2 -ΔΔCt method was used to calculate the expression of lncRNA MEG3 in tissue and cell samples [20] . The primer sequences for PCR are listed in Table 1 .
Western blotting
Human PASMCs were placed in the smooth muscle cell medium without serum for 24 h when reached 60% confluence. Cells were collected after 24 h of transfection with si-NC or si-lncRNA MEG3 treatment and resuspended in RIPA lysis buffer (Santa Cruz) for 30 min on ice. After 30 min of lysis, cell lysates were sonicated for 1 min and centrifuged at 14,000 g for 15 min, and the concentrations of the proteins were measured by BCA kit (Dingguo Company). Samples containing 20ug total protein from each sample were used for SDS-PAGE (Bio-Rad Laboratories), and Western blotting was performed according to the protocol as described previously [18] .
Immunofluorescence
For immunofluorescence staining, the human PASMCs were fixed with 4% paraformaldehyde (PFA) for 30 min, washed three times with cold PBS and permeabilized in 0.4% triton-X 100 (Sigma-Aldrich) for 5 min. After washing with PBS, the cells were blocked in 1% BSA for 30 min and incubated overnight at 4˚C with p53 antibody with 1:200 dilution in 1% BSA. After extensive washes with PBS for 30 min, the cells were incubated with the secondary antibody IgG (Sigma) conjugated with rhodamine at a 1:200 dilution for 1 hour at room temperature. DAPI (4, 6-diamidino-2-phenylindole) was used to label the nuclei, and the cells were observed for fluorescence images under a fluorescence microscope (Nikon).
Scratch-Wound assay
The confluent human PASMCs cultured in 6-well plates were wounded by pipette tips, creating an acellular 1-mm-wide lane per well, and the detached cells were washed out by PBS [21] . Then the cells were transfected with si-NC or si-lncRNA MEG3 under both normal and hypoxic conditions. Wounded areas were photographed at zero time. After 24 h of incubation, photographs were taken from the same areas as those recorded at zero time. assay. Human PASMCs were cultured in 96-well microtitration plates and then the cells were subjected to growth arrest by serum starvation for 24 h. The cells were transfected with si-NC, si-lncRNA MEG3, or si-lncRNA MEG3+si-p53. After 24 h of the incubation at 37˚C, the proliferation potential of human PASMCs was determined by the CCK-8 assay (Dojin Laboratories, catalog no: CK04) according to the manufacturer's instruction.
Proliferation Assays Cell Counting
DNA BrdU incorporation assay. Cell proliferation was assessed by 5-bromodeoxyuridine (BrdU) incorporation. Human PASMCs were seeded into 96-well cell culture plates at a density of 1 × 10 4 cells ⁄well. When the cells were treated with MEG3 knockdown or hypoxia, BrdU was incorporated into proliferating cells and was added at 2-24 h prior to the end of the test reagent incubation. Following incorporation, cells were fixed by the fixing solution at room temperature for 30 min. The ensuing steps were carried out according to the manufacturer's protocol. Finally, the optical absorbance was measured by a spectrophotometer microplate reader at dual wavelengths of 450/550 nm.
Cell cycle analysis
To study the cell cycle induced by MEG3 knockdown or hypoxia, we analyzed the proportion of cells in G 0 /G 1 , S and G 2 /M phases by flow cytometry, as reported recently [16] . After the cells were subjected to si-lncRNA MEG3 or hypoxia, they were harvested by trypsinization, then centrifuged and suspended with 1 ml of cold PBS. Following twice washes with PBS, the cells were resuspended and fixed by 70% cold ethanol and were kept at 4°C. Before detection, the fixed cells were centrifuged at 300×g for 5 min, and the supernatant fluid was discarded. The cell sediment was resuspended in 200 ul PBS, and 200 ul RNase A was added. The suspension was then incubated at room temperature for 10 min. Then 200 ul of propidium iodide was added and mixed, and the reaction was carried out at 4°C in dark for 10 min. Finally, the cells were filtered once through 400-mesh sieves berore undergoing by flow cytometer. 
Results

MEG3 expression is down-regulated in both PAH tisues and hypoxic PASMCs
The morphology of pulmonary vessels was analyzed with H&E staining to show potential correlations of the morphological changes with remodeling. Wall thickness of medium sized PAs from PAH patients was significantly increased compared with normal (Fig. 1A, B) . To determine whether lncRNA MEG3 was differentially expressed in the lung tissues and PAs between PAH and normal tissues, a total of 5 paired PAH tissues and normal lung tissues and PAs were analyzed for MEG3 expression using qRT-PCR. As shown in Fig. 1C , D, the mean expression level of MEG3 in lung tissues and PAs from PAH patients was significantly lower than that of the normal tissues. The results suggested that the MEG3 expression in PAH patients was significantly downregulated compared to that of normal controls. Consistently, MEG3 expression was also downregulated in a time-dependent manner in hypoxic PASMCs (Fig. 1E) .
MEG3 knockdown promotes proliferation and migration of human PASMCs
To determine the function of MEG3 in human PASMCs under hypoxia condition, we investigated the effects of MEG3 knockdown on the proliferation and migration of human PASMCs. We designed small interfering RNA (siRNA) to inhibit lncRNA MEG3 expression. The efficiency of siRNA transfection and the inhibition of endogenous lncRNA MEG3 were confirmed by qRT-PCR ( Fig. 2A, B) . To investigate whether MEG3 regulates cell cycle progression, cell cycle was analyzed by flow cytometry. The results showed that MEG3 knockdown increased the percentage of cells in the G 2 /M+S phase both in normoxia and hypoxic conditions (Fig. 2C, D) . To assess the population of cells, which are actively synthesizing DNA, BrdU incorporation assay was carried out. Our results showed higher fraction of proliferating cells in MEG3 knockdown cells compared with si-NC, and the difference is more obvious under hypoxic conditions (Fig. 2E) . These results suggested that MEG3 plays a role in cell cycle regulation. Next, we examined the effects of MEG3 on cell migration capacity using wound healing assays. As shown in Fig. 3A , B, the migration capacity of si-lncRNA MEG3 cells were increased when compared to the si-NC cells, and similar results were observed under hypoxia condition. Taken together, these data indicate that hypoxia-induced MEG3 down-regulation may enhance the migration capacity of human PASMCs.
MEG3 knockdown induces PCNA, Cyclin A and Cyclin E protein expression
Cell cycle proteins play an important role in the both S and G2/M phases, and have been generally regarded as a hallmark for cellular proliferation [22, 23] . To understand the molecular mechanism used by MEG3 to regulate cell cycle, western blotting was carried out to examine the expression level of cell cycle-associated proteins PCNA, Cyclin A, and Cyclin E. The results revealed that the expression of PCNA was increased by si-lncRNA MEG3 compared 
MEG3 stimulates activation of p53 protein
To further explore the mechanisms involved in MEG3 knockout induced cell proliferation, p53 western blotting and immunofluorescence were carried out after si-lncRNA MEG3 or si-NC transfection into PASMCs. Recent studies have found that lncRNAs may play a significant role in the regulation of cell growth by modulating p53 pathway [19] . The results showed that the p53 expression was significantly decreased (Fig. 5A, B ) and the expression of MDM2 was increased in human PASMCs transfected with si-lncRNA MEG3 compared to those with si-NC (Fig. 5D, E) . P53 localizes to the nucleus, yet can be chaperoned to the cytoplasm by the negative regulator, mouse double minute 2 homolog (MDM2). MDM2 is an E3 ubiquitin ligase that is upregulated in the presence of active p53, where it poly-ubiquitinates p53 for proteasome targeting. We then performed immunofluorescence assay to detect p53 translocation. As shown in Fig. 5C , p53 was in nucleus under inactive state. In the presence of knockdown of MEG3 by siRNA-lncRNA MEG3, p53 was primarily located in the cytoplasm. These data confirm that MEG3 functions as apoptosis suppressor gene by regulating p53 activation in human PASMCs.
P53 pathway mediated the human PASMCs proliferation induced by MEG3
Previous studies have suggested that MEG3 increased the p53 activity in cancer cells [24, 25] . Because pulmonary hypertension and cancers have similar pathological processes, like cell proliferation increased and apoptosis decreased. We speculate that the MEG3 may induce human PASMCs proliferation by activation of the p53 pathway. To investigate the interplay of p53 and lncRNA-MEG3 on cell proliferation, we overexpressed p53 in human PASMCs.CCK-8 assays showed that si-lncRNA MEG3 significantly enhanced the growth of human PASMCs compared to si-NC. In contrast, si-lncRNA MEG3 with p53 overexpression statistically reduced cell number human PASMCs compared with si-lncRNA MEG3 (Fig. 6A) . Figure 6B demonstrated that the increased effect of si-lncRNA MEG3 on cell BrdU incorporation was significantly suppressed by overexpression of p53. To elucidate whether the p53 pathway participates in MEG3-mediated cell cycle activity, the number of cells in the different cell cycle phases was detected by flow cytometry. As shown in Fig. 6C , D, the amount of G2/M + S phase cells increased under MEG3 knockdown, p53 overexpression suppressed the cell cycle progression and induced a cell cycle arrest at the G0/G1phase in PASMCs. We also analyzed the expression of the PCNA in human PASMCs. We found that MEG3 knockdown increased the expression of PCNA, and the effect was decreased in the presence of p53 (Fig. 6E) . To understand the role of p53 in cell cycle progression, the expression of Cyclin A and Cyclin E were studied in human PASMCs. The results show that si-lncRNA MEG3 increased the expression of cyclin A and cyclin E and that the effects were significantly decreased after p53 overexpression (Fig. 6E) . Together, these results demonstrate that lncRNA-MEG3 functions through the p53 pathway to regulate cell proliferation.
Discussion
Pulmonary arterial hypertension is characterized by a progressive increase in pulmonary vascular resistance and obliterative pulmonary vascular remodeling which mechanism is complicated and still unknown. Our studies discovered that lncRNA MEG3 was low-expressed in PAH patients and human PASMCs in hypoxia. MEG3 regulates PASMCs function in vitro. Moreover, we found that MEG3 could activate the p53 signaling pathways, and its intervention affected p53 nuclear translocation. Thus, lncRNA MEG3 is a promising therapeutic strategy for treating PAH and vascular remodeling.
LncRNAs, which were defined as transcripts >200 nucleotides in length, were once considered to be a by-product of RNA polymerase II transcription and transcriptional "noise" without biological function. Accompanied by the research progress of lncRNAs, a growing body of study has revealed that lncRNAs play a center control role in a wide range of biological processes, including development, differentiation, proliferation, apoptosis, and so on [26] [27] [28] . Disregulation of lncRNAs is associated with several human diseases, including cardiovascular diseases [29] . For example, braveheart was found as critical regulator of cardiovascular commitment from nascent mesoderm, which represented the first example of lncRNA with potential implications in cardiovascular development [8] . LncRNA (cardiac hypertrophy related factor, CHRF) regulates cardiac hypertrophy by targeting miR-489 [30] . In vascular smooth muscle cells (VSMC), lincRNA-p21 and lncRNA SENCR regulate VSMCs proliferation, apoptosis, migration, and phenotypic switching [19, 31] . Pulmonary arterial hypertension is usually characterized by abnormal pulmonary vascular remodeling, which is regulated by vascular smooth muscle-mediated proliferation, migration and major phenotypic changes from the contractile to the synthetic subtype [32] . We speculated that lncRNAs might regulate pulmonary vascular remodeling via affecting PASMCs proliferation and migration. MEG3 is located at chromosome 14q32.3 in human genome, which is an imprinted gene belonging to the imprinted DLK1-MEG3 locus. MEG3 was identified as the human counterpart of a mouse imprinted gene Gtl2 [33] . Mice died in perinatally and had major skeletal muscle defects when maternal Meg3 region was deleted. MEG3 is expressed in many normal tissues, and the loss of MEG3 expression has been observed in various types of cancers, including non-small cell lung cancer (NSCLC) [10] , gastric cancer [11] and bladder cancer [12] . In addition, lncRNA MEG3 can regulate endothelial cell function by hypoxia [34] . At present, the importance in cell biology and role in the development of the disease of MEG3 have been in continuous study. However, the involvement of MEG3 in PAH has not been reported. We found that MEG3 knockdown affects human PASMCs proliferation and migration, and upregulates the proportion of cells in the S and G 2 /M phases. The process may be through direct or indirect stimulation of PCNA and Cyclins. All of the information presented here suggested that MEG3 lower expression activates cell cycle progression in the process of PASMCs proliferation. Thus, we speculated that MEG3-mediated PASMCs function is involved in the pathogenesis of vascular remodeling in PAH.
It is well-known that p53 plays an important role on the pathogenesis of PAH [35, 36] . The expression and transcriptional activity of p53 is tightly regulated at multiple levels. In particular, post-transcriptional regulation is necessary for the function of p53 proteins by ubiquitination and acetylation. MDM2, a direct transcriptional target gene of p53, seems to participate in both pathways. MDM2 is a pivotal regulator of the fate and activity of p53, then p53 is controlled through regulation of protein expression level via MDM2, establishing a p53/MDM2 negative feedback loop [37, 38] . To investigate the mechanism of p53 activation by MEG3, the expression level of p53 was measured using western blotting analysis. Interestingly, MEG3 knockdown significantly decreased the expression of p53 protein in PASMCs both normoxia and hypoxic condition. P53 localizes to the nucleus, yet can be chaperoned to the cytoplasm in active state. We performed immunofluorescence assay to detect p53 translocation. In cultured PASMCs, we have found that p53 is in nucleus under si-NC group. In the presence of knockdown of MEG3 by siRNA-MEG3, p53 was primarily located in the cytoplasm. In addition, our results showed that MDM2, a negative regulator of p53, was increased in siRNA-MEG3 group. Thus, our data provide a new molecular mechanism that MEG3 regulates PASMCs function and pulmonary vascular remodeling through p53 pathway.
Signaling by p53 directs cell proliferation, cell polarity, cell cycle and apoptosis control, also plays a central role in PAH [35, 36] . Our experiments also demonstrate that MEG3 knockdowm induced PASMCs proliferation is directly regulated by p53 pathway. We observed that si-lncRNA MEG3 was a stimulus for increasing activation of p53 in PASMCs and resultant cell proliferation. The critical role of p53 in MEG3-induced PASMCs proliferation was confirmed by p53 overexpression. Assessment of the cell cycle distribution showed that MEG3 knockdowm reduced the percentage of cells in G 0 /G 1 phase and increased the number of cells in G 2 /M and S phases. Si-lncRNA MEG3+p53 group opposed the effect of si-lncRNA MEG3 by increasing the percentage of cells in G 0 /G 1 phase and decreasing the percentage of cells in G 2 /M and S phases. In addition, overexpression of p53 inhibits the expression of PCNA, Cyclin A and Cyclin E. These results thus provide a solid evidence for a role of p53-dependent mechanism and activation in the mitogenic effect of MEG3. Overall, these data suggest that lncRNA MEG3 may contribute to PASMCs proliferation via the activation of p53 signaling pathway.
In conclusion, our findings indicate that MEG3 plays a key role in the pulmonary vascular remodeling in PAH. MEG3 regulates PASMCs function through p53 signaling. Because vascular remodeling is now recognized as a major prognostic marker in patients at PAH, MEG3 may represent an interesting pharmacological target for the treatment of PAH conditions.
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